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LONG TERM GOALS

Our long-term research goal is to determine the influence of pollutant metals on the
productivity and species composition of phytoplankton communities in coastisrand
to determine the role of algal metal uptake in cdimgpthe particuhte removal and
biogeochemical cycling of metals.

OBJECTIVES

To achieve these goals, we need to determine theoemeental &ctors and underlying
physiological mechanisms that regid the uptake and effects of toxic met&la, Cd,

and Zn) and interactive nutrient metals (Mn, Zn and Fe) in represematit@plankton
species. We will then combine thigarmation with @ta on envonmental variations in
controlling factors (e.g. free ion concentrations of metals) to construct conceptual and
mathematical models for algal uptake and biologicaa§.

APPROACH

Our research effort consisted of (I) long-term growth experiments with algal cultures to
guantify relationships among key dependent variables (growth rate, cellular metal
concentrations, and steadgt® metal uptake rates) and independent clingro

variables (free ion concentrations of important metals and light)(2)rethort-term

kinetic studies to investigafghysiological mechanisms of cellulaetal uptake and

binding characteristics of metal uptake systems. The experiments focused largely on
metal/metal interactions, particularly those between toxic and nutrient metals. Effects of
light were examined because of its coliitrg influence onphotosyntheticate, growth

rate, and biochemical demafad nutrient netals (Mn and Fe). The toxic metals
investigated wer€u, Cd and Zn while the nutrientetials included Mn, Fe, and Zn. Zinc
can act as either a toxicant or a nutrient depending on its concantritee ratal ion
concentrations were controlled in these experiments by methlfter systems

employing the chelators EDTA or NTA. Cellular metal levels in long-term experiments
and metal uptake rates ihat-term experiments were measured with radisrs'® Cd,
%zn, **Mn, and® Fe.
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Results from short-term experiments were modeled using competitive saturation kinetics
to determine saturation uptake rateg,(V ) and affinity constantzllular netal uptake
sites. These results were then combined with fdata long term experimentstéady

state cellular metal levels, metal uptake rates, and specific growth fateasns of

free metal ion concentrations) to yield conceptual and mathematical models of cellular
metal uptake, cellular metal regué@ti and retal effects on growth rate. The d&t@m

long term experiments were combined with field dataotal and free ion concentrations

of pertinent metals to predict algal removal of trace metals in coastal waters or metal
effects on algal growth.

TASKS COMPLETED AND SCIENTIFIC FINDINGS

Control of Cd concentrations in a coastal diatom by free ionic Cd, Zn, and Mn in
seawater- A paper on this topic was written and submiti@dpublication in thegurnal
Limnology and Oceanography. Cadmium concentrations inateaare ltought to be
controlled by algal uptake and regeneration, butaléofs controlling Cd levels in
phytoplankton are poorly known. Experiments with a coastal didtwtassiosira
pseudonanaevealed that cellular Cd:C ratios within the Cd ion concentratiorf’([Cd ])
range in seawater (10 to10 M) were genenalfportional to [Cd* ], and inversely
related to concentrations of Zn and Mn ions {[Zn ]JandiMn ]) and specific growth rate.
Effects of Mn and Zn reflect cellular uptake of Cd by two regulatedgoahsystems:

the Mn system whose activity is enhanced at low Mn ], and a separate Systeed

at low cellular zinc. At the low [Zih ] of surface oceanic watef('° M), Cd uptake

is controlled by this latter systemd therefore, is inversely egkd to ionic zinc levels.
However, at the higher [2h ]in coastal waters, Cd uptake by this systaoniglpt
suppressed and Cd tead is taken up by the Mn system; and as a result, is inversely
related to [MA" ] and largely independent of fZn ]. Because ofupprsssion of Cd
uptake by high [Zfi ]and [M7i ]in coastal waters, algal Cd concentrations may actually
be lower in these waters than in the ocean despite the presence of higher codstal [Cd ].

Interactions among Cti , Zn , and Mn in codlirey cellular Mn, Zn, and growth rate

in a coastal alga A paper on this topic was written and submitted to Limnology and
Oceanography. Culture experiments with the greenGiid@mydomonasp. revealed
antagonistic interactions between toxic mef@ls and Zn) and nutrientetals (Zn and

Mn) in regulating cellular Mn and Zn uptake and specific growth rate. High levels of Cu
and Zn inhibited cellular Mn uptake while high Cu inhibited Zn uptake rates. These
effects were associated with growth rate inhibition at combinedittons of high Zn and
low Mn and at high Cu and low Zn. Zinc inhibited Mn uptake by competitively blocking
Mn binding to a high-affinity Mn uptake system which was under negative feedback
regulation. Kinetic modeling suggested that zinc was taken up by this system, and as a
result, cellular Zn concentrations increased as externa[Mn ] was decreased. Zinc
uptake behavior was complex, and in addition to the Mn system, uptake appeared to
involve a high-affinity, Zn-selctive systermiduced at low cell zinc levels and a separate
constitutive low-affinity system. High [CU ] inhibited Zn uptake by the high-affinity Zn
transport system, but not the low-affinity system. Such complex competitivaatioers



among metalprovide important controls on cellularetal accumulatin, toxicity, and
nutrition.

Interactive effects of lighgnd ionic Mn and Cu in conthing cellular Mn and growth

of a coastal diatom A paper on this topic was written and is now in press in Limnology
and Oceanography. Manganese is an essential component of the photosyetttetic el
transport chain and copper is known to inhibit cellular Mn uptake. Experiments were
conduwcted to examine the interactive effects of free Mn and Cu ion concentrations, and
light on cellular Mn, chlorophykt, and specific growth rate in the estuarine diatom
Thalassiosira pseudonanaCopper inhibition of growthate ocarred only at low [MA" ],

an effect that was independent of light intensity and was totalyuated for by Cu's
inhibition of Mn uptake rate. Under growlimiting light, cells contained high Claland

Mn concentrations. These cells required a higher cell Mn:C to achieve maximum growth
rate than cells growander saturating light, due at least in part to an increased need for
Mn for synthesis of additional photosynthetic units during low-lggtdlimation. The

higher cell Mn required under low light was not provided by higher uptks,rsince

these rates were the same in light-saturated andihgted cells. However, since cell

Mn equals the uptake rate divided by the specific growth rate, the cells were able to
accumulate the additional Mn neededlow light acclimation by maintaining their

uptake rates constadtiring lightlimitation of growth rate. Our results indicate that
[Mn?1, [Cu®], and light are likely to interact in contling algal growth ate since all

three vary within the euphotic zone. Algal removal of Mn from sgaméould be
enhanced under loilumination due to increased cellular Mn concentrations.

Influence of dissolved inganic iron concentration, light, ancell size on cellular iron
andcellular iron growth requirements in coastal algaé paper on this topic was

written and is now in press in Naturion is an importanlimiting micronutrient, and like
Mn, one of its primary requirements is photosynthegctebn transport. Irolimitation

of growth rate and cellularan uptake were examined at high and low light in coastal
diatoms Thalassiosira pseudonarandT. weissflogii and coastal dinoflagalles
(Prorocentrum minimurandP. mican} representing a range of cell diameter3.%;-11,

12, and 30 um, resptively). At saturating light (500 pEinst'™ s ), larger cells required
higher external iron concentrations than smaller cells to achieve the sarfeibeoh-

growth rate. All species showedim#ar linear relationship betweerondimited specific
growth rate and cellular Fe:C ratio, andrailar hyperbolic relationship between iron
uptake ratenormalized to cell sualce area and externedm concentration. The larger
cells’ increased growth requirement for external iron a@aunted for by their low
surface to mvolume ratios, and resulting low iron uptakéas per unit of biomass. At
growth limiting light (50 pEinst if &' ), the relationships between specific growth rate
and cell Fe:C was also linear, but cells required 4-5 times higher Fe:C to achieve the same
growth rate due to the lighinder-saturation of photosystems and resultant decrease in
electron flow per photosynthetic unit. Cells comedfor this reduced efficiency by
increasing the number of photosynthetic units, and as a result, cellular iron concentrations
increased due to the increased demand for iron-contairioty@h transport proteins. As
with Mn, the higher cell Fe:C needed for low ligltclimation was not provided by an
increased iron uptakate as uptake rates were the same in both high- and low-light



acclimated cells. Rather, again as with Mn, the additional Femagled by the light-

limited decrease in specific growtate, the effective biodilution rate. Our results indicate
that Fe availability, light, cell size, cellular Fe:C and growtie rare all integrally linked.

They indicate the cells are more likely to belirgted under low irradiance and that Fe-
limited cells will have geater difficulty adapting to low light. Adaptation to low light at

the bottom of the euphotic zone in stratified regioitiderad to high cell Fe:C ratios and,
therefore, high removal of Fe relative to other nutrients (C, N and P). This higher removal
should drive these systems towardager Fdimitation. In the openaean, such effects

may largely explain the observed depletion of Fe within deep chlorophyll maxima. The
combined Fe/light limation favors the growth of small cells, consistent with the observed
dominance of small procaryotes and the paucity of larger eucaryotes typically observed in
light limited regimes such as deep Chl maxima.

IMPACT

Our results indicate that the uptake and toxicit¢of Cd, and Zn are not only controlled

by the free ion concentrations of these metals, but also by the diridaid cellular
concentrations of nutrient metals (Mn, Zn and Fe) with which these metals competitively
interact. Thus, factors that influence the cellular concentrations of Mn, Zn, and Fe can
greatly influence whether or not a toxic metdl exert an inhibiory effect on algal

growth rate or whether a metal (e@d) is efectively scavenged lpghytoplankton.

Low light increases cellular concentrations of Mn and Fe and, therefore, should not only
influence algal removal of these metals, but aldldnfluence uptake and edtts of toxic
metals with which these nutrient metals interact.

RELATED PROJECTS

By combining our culture results with measurements of [Cu F'[Zn ]¥[Cd ], and
[Mn#] in estuarine and coastal wat@m®vided by other cordctors (Ken Bruland at UC,
Santa Cruz; John Donat at Old Dominion and Jim Btofit WHQ), we are beginning to
formulate the theoretical framenk for predicting or assessing the toxicity and
biological scavenging of metals. Such modelogZn, for example, coectly predicts
the extent of Zn removal fromaters in Narragansett Bay. By contrast, there is a lack of
algal removal of copper in that estuary and our models alseatlyrpredict this
observation.



